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Abstract . / ,;._.. ,--
Fifteen polar ice samples--fourteen from Greenland and one from
Antarctica--have been analyzed for the extraterrestrial amino
acid (x-aminoisobutyric acid (AIB) in an effort to estimate the flux
of interplanetary organic material to the Earth's surface. Only one
sample (Greenland GISP IL 4270-4440 years old) contains detect-
able amounts of AIB, apparently the signature of a transient
delivery, event. The maximum oceanic concentration of AIB from
such an event would be less than 10 -9 M.
INTRODUCTION
Extraterrestrial sources have been suggested as an alterna-
tive for the Earth-based synthesis of the organic compounds neces-
sary for the origin of life (Or6 1961, Chyba and Sagan 1992). Such
an alternative source of organics may have been necessary if the
atmosphere of the early Earth was composed mostly of nonreducing
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gases such as N2 and CO2 rather than CH4 and NH 3 ('Walker 1985,
Kasting 1993, Kasfi_g et al. 1993).
If extraterrestrial sources were important on the early
Earth, they should still be supplying the Earth today with organic
matter, although at a significantly reduced rate. Theoretical stud-
ies have indicated that organic molecules could be delivered to the
Earth by cometary impactors (Chyba et al. 1990), but would be more
likely to reach the Earth's surface intact if carried by micromete-
orites and interplanetary dust particles (IDPs) with diameters in
the tens to hundreds of microns (Anders 1989, Chyba and Sagan
1992). These particles can be collected in the stratosphere by air-
craft, but the amount of material so far obtained by this method is
much too low for detailed organic analyses. The only other alterna-
tive (besides in-orbit collection) is to attempt to detect exogenous
organics at the surface of the Earth. Any extraterrestrial organic
material that might reach the surface of the Earth, however,
would be minuscule in comparison to terrestrial biogenic organics
(see Table 1), and thus virtually impossible to detect in most terres-
trial environments. The most pristine environment on Earth with
respect to terrestrial organic matter is polar ice. Therefore, we
have concentrated our search for extraterrestrial organic mol-
ecules-in particular extraterrestrial amino acids--on ice samples
from Greenland and Antarctica.
We have analyzed several polar ice samples for the extra-
terrestrial amino acid (x-aminoisobutyric acid (AIB). This mole-
cule is the most abundant amino acid in carbonaceous meteorites
(Cronin and Pizzarello 1983). Aside from a few fungal peptides
(see, e.g., Mathew and Balaram 1983), it rarely occurs in the terres-
trial biosphere. AIB has been found in association with the K-T
boundary impactor (Zhao and Bada 1989), and routine and sensitive
analytical techniques for this amino acid are available (Zhao and
Bada 1995). AIB can therefore be used as a marker for the presence
of extraterrestrial organics on the Earth.
TABLE 1. Amino Acids on the Earth
Carbon Amino Acid Amino Acids
(1015 g) Content (10 Is g)
Biosphere 600-800 < 10% < 100
Polar Ice 3" 1 ppb t 0.03
Seawa ter Organics 2000-3000 1% 20-30
Soil Organics 1000 < 1% < 10
Sediments
Organics 3 x 107 0.02-1% 6000-300,000
Carbonates 108 20-300 ppm 1000-30,000
* Total ice = 2.9 x 1019 kg; organic carbon = I00 I_g C kg -1.
Total amino acid content of polar ice.
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METHODS
All ice core samples weighed between 3 and 7 kg. Each
sample was melted and evaporated to dryness, and the residue
redissolved in approximately one ml of double-distilled H20. Ali-
quots were then taken and derivatized by the o-phthaldial-
dehyde/N-acetyl cysteine (OPA/NAC) technique. The deriv-
atives were separated by reverse-phase high-performance liquid
chromatography (HPLC) with fluorescence detection and identi-
fied by comparison of retention times with authentic standards
(Zhao and Bada 1995). Aliquots were also taken and hydrolyzed in
double-distilled 6N HC1 at 100°C for 24 hours. These aliquots were
then dried and analyzed as above.
The sample believed to contain AIB was-reacted with nin-
hydrin in pH 2.5 citrate buffer at 100°C for 5 minutes (Brinton and
Bada 1994). The solution was then passed through an activated
charcoal column, dried and analyzed as above.
RESULTS
We have analyzed one sample from the Allan Hills region
of Antarctica, twelve samples from the Greenland Dye 3 site and
two from the Greenland GISP II site. These ice samples range in age
from approximately 100 to 100,000 years before present (BP). The
levels of AIB present in these samples are shown in Table 2. AIB
was not detected in the Antarctic sample, any of the twelve Dye 3
samples, or the 6000 year old GISP II sample. The levels in Table 2
are upper limits based on the detection limits of the OPA/NAC
technique.
AIB was detected in one sample from the GISP II drilling
site in Greenland (Table 2). The chromatographic retention time of
the peak identified as AIB is consistent with that of an authentic
standard. In addition, the yield of this peak increases between one
TABLE 2. Extraterrestrial Amino Acids in Polar lees
Number of ppb
Samples Age AIB
Antarctic - 10s yr BP < 0.0005 (unhyd)
Allan Hills 1 < 0.002 (hydrol)
Greenland
Dye 3 12 1860-1930 AD < 0.001 (tmhyd)
< 0.001 (hydrol)
GISP II 2 4270--4440 yr BP 0.35 (unhyd)
0.11 0aydrol)
6010--6240 yr BP < 0.001 (unhyd)
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minute and 15 minute derivatizations with the OPA/NAC reagent,
as does the yield of authentic AIB but not the yields of protein
amino acids (Zhao and Bada 1995). Reaction with ninhydrin
results in approximately 25% destruction of the putative AIB
(again consistent with authentic standards; Brinton and Bada
1994), while the protein amino acids in the sample were almost
completely destroyed. Since the behavior of the AIB peak is consis-
tent with authentic AIB in these respects, we conclude that AIB is
present in the 42704440 yr BP GISP II sample.
Although AIB is rare in the biosphere, contamination in ice
samples cannot be completely dismissed. The amount of AIB
detected in the sample does not increase with HCf hydrolysis,
indicating that all the AIB present is in the free amino acid form
rather than in peptide residues. This argues against terrestrial bio-
logical contamination as a source of the AIB detected in the GISP Ii
sample. In addition, a second, older sample of GISP II ice does not
contain detectable levels of AIB (see Table 2). Because both sam-
ples were drilled at the same time using the same techniques, AIB
contamination from the drilling or sample handling procedures at
the GISP II site can be ruled out.
DISCUSSION
Anders (1989) has estimated the annual flux of intact or-
ganics from IDPs to the Earth as 3 x 108 g yr -1. Assuming that IDP
organic carbon is less than 1% extraterrestrial amino acids (AIB
and isovaline), the expected concentration of extraterrestrial amino
acids (ETAA) in Greenland ice would be < 2 x 10-11 g kg -1 ice, and
the ETAA concentration in Antarctic ice would be < 1 x 10 -10 g kg -l.
The measured upper limits for ETAA in Antarctic and Greenland
Dye 3 ice, as well as for the 6000 yr BP GISP II sample, are consis-
tent with and certainly no higher than the expected levels based on
IDP flux. The 4300 yr BP GISP II sample, however, contains AIB at
a concentration three orders of magnitude greater than the expected
levels and that determined in the other ice samples analyzed.
If this AIB is extraterrestrial, it would seem to be a marker
for a transient event that delivered extraterrestrial organics to the
Earth around 4300 years ago. Failure to detect ETAA in the other
samples listed in Table 2 suggests that the baseline flux of extrater-
restrial organics at the Earth's surface is at or below the level
estimated by Anders (1989). Studies of micrometeorite size distribu-
tions in Greenland ice (Maurette et al. 1987) indicate that the 3-7
kg samples analyzed for ETAA should contain an average of only 1-
7 micrometeorites of around 100 _m diameter. The amount of AIB
present in the GISP II sample is much too large to come from a few
100 p.m particles, further suggesting that this AIB is the signature
of a transient event.
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If these data are the signature of a global ETAA delivery
event around 4300 years ago, its astrophysical nature is not clear.
The amount of AIB delivered globally by this event can be calcu-
lated from the measured AIB level in the GISP II sample, assuming
a concentration of AIB similar to that of the Murchison meteorite
(10 ppm), and assuming that the extraterrestrial material was
deposited over the entire 170 year time span of the sample. Such
calculations suggest an impactor with a diameter of around 7 kin,
large enough to have left lasting evidence of its arrival. If the ex-
traterrestrial material was deposited completely in one year, the
size of the impacting object is reduced to around one kin. If the event
delivered material only to the Greenland ice sheet rather than
globally, the impactor size could be as small as 200 m. A collision
between the Earth and a 200 m object would be expected to occur once
every 103-104 years, while the impact of a one km object would occur
once every 105 years (Chapman and Morrison 1994). A close ap-
proach of the Earth by a long-period comet, and the deposition on
the Earth of cometary dust by a mechanism similar to that sug-
gested for the K-T boundary amino acids (Zahnle and Grinspoon
1990) might be a plausible explanation. The ETAA flux in this case
would be expected to 'gradually decrease to background levels over
time.
It should be noted that the delivery event represented by
the AIB in the GISP II sample, even if a global one, would result in
a maximum oceanic AIB concentration of 3 x 10 -11 M. Even if the
AIB were initially concentrated in the upper 100 m of the ocean, the
level of AIB would be only around 10 .9 M. Such concentrations of ex-
traterrestrial organic molecules would probably not be significant in
prebiotic organic chemistry on the early Earth.
We hope to determine the areal extent of ETAA delivery
from this event by analyzing ice core segments of the same age as
the GISP II sample from other locations in either Greenland or
Antarctica. Carbon isotope analysis may also be useful in confirm-
ing the extraterrestrial origin of the AIB detected, although the
small amounts of amino acids involved may be at or below the lim-
its of isotopic analysis.
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